We explore an electroweak symmetry breaking (EWSB) scenario based on the mixture of a fundamental Higgs doublet and an SU(4)/Sp(4) composite pseudo-Nambu-Goldstone doublet -a particular manifestation of bosonic technicolor/induced EWSB. Taking the fundamental Higgs mass parameter to be positive, EWSB is triggered by the mixing of the doublets. This setup has several attractive features and phenomenological consequences, which we highlight: i) Unlike traditional bosonic technicolor models, the hierarchy between ΛTC and the electroweak scale depends on vacuum (mis)alignment and can be sizable, yielding an attractive framework for natural EWSB; ii) As the strong sector is based on SU(4)/Sp(4), a fundamental (UV-complete) description of the strong sector is possible, that is informed by the lattice; iii) The lightest vector resonances occur in the 10-plet, 5-plet and singlet of Sp(4). Misalignment leads to a 10-plet "parity-doubling" cancelation in the S parameter, and a suppressed 5-plet contribution; iv) Higgs coupling deviations are typically of O(1%); v) The 10-plet isotriplet resonances decay dominantly to a massive technipion and a gauge boson, or to technipion pairs, rather than to gauge boson or fermion pairs; moreover, their couplings to fermions are small. Thus, the bounds on this setup from conventional heavy-vector-triplet searches are weak. A supersymmetric U (1)R symmetric realization is briefly described.
INTRODUCTION
The minimal supersymmetric Standard Model (MSSM) provides an elegant mechanism for stabilizing the Higgs mass, and benefits from the simplicity of the Yukawa coupling paradigm for fermion mass generation. However, naturalness in the MSSM is challenged by LHC bounds on colored superpartners. Technicolor (TC) provides a beautiful mechanism for electroweak symmetry breaking (EWSB), based on asymptotically free gauge theories, but a light Higgs is difficult to accommodate. The pseudo-Nambu Goldstone boson (pNGB) composite Higgs improves on TC by providing a large gap between the Higgs mass and other strong interaction resonances, via vacuum (mis)alignment. However, it is not obvious that a sufficiently light pNGB Higgs obtains in explicit strong interaction constructions, and a UV complete model of fermion masses is difficult to achieve, as in TC.
We introduce a promising framework for naturalness, which combines the advantages of the three approaches, without the potential drawbacks. It is based on Bosonic Technicolor (BTC)/induced electroweak symmetry breaking , with SU (2) TC gauge group and two fundamental flavors (n f =2). In BTC, the vacuum expectation value of a fundamental Higgs (with Yukawa couplings to the Standard Model fermions) is induced from TC dynamics, via its Yukawa couplings to the technifermions; and supersymmetry (SUSY) is introduced to protect the Higgs mass [2-7, 13, 15-17, 19-21] . The TC superpartners decouple above the TC chiral symmetry breaking scale, Λ TC . From the point of view of the low energy scalar potential, BTC can accommodate a wide range of Higgs masses, including m h = 125 GeV, without fine-tuned cancelations.
The strong sector of minimal BTC has an SU (4)/Sp(4) coset description in the IR, allowing for non-trivial vacuum alignment between the SU (2) L conserving (EW vacuum) and SU (2) L breaking (TC vacuum) limits, thus yielding a composite pNGB Higgs [25] [26] [27] [28] [29] [30] . Prior BTC studies have existed in the TC vacuum, where the wouldbe pNGB Higgs decouples. In this work, we explore small misalignment from the EW vacuum, exploiting the interplay between EW conserving and EW breaking constituent masses. The fundamental and pNGB scalars mix, yielding a partially composite-pNGB Higgs. There are several benefits: (i) vacuum misalignment yields a separation of scales, allowing Λ TC to be raised well into the multi-TeV region; (ii) the Higgs mass parameter m H is also increased. In a supersymmetric realization, raising Λ TC and m H would allow the SUSY breaking scale to be raised, which is desirable for natural EWSB. A U (1) Rsymmetric example is briefly discussed in the concluding remarks; (iii) vacuum misalignment reduces deviations from the SM in the Higgs couplings and precision EW parameters, the latter due in large measure to SU (2) L↔R parity doubling in the vector sector.
THE UV THEORY
In this letter our focus is on the impact of the UV theory on the BTC vacuum structure, and the resulting scalar and vector meson masses and interactions. For this purpose it suffices to consider minimal nonsupersymmetric BTC, with a single Higgs doublet H. The extension to two Higgs doublets is straightforward. The minimal TC sector contains the gauge group SU (2) TC , together with an SU (2) L doublet and two singlet technifermions, i.e. n f = 2, see Table I . All of the technifermions are treated as left-handed Weyl fields, transforming under the (1/2, 0) representation of the Lorentz group SU (2) × SU (2) ∼ SO(3, 1). With weak interactions turned off, the model possesses a global SU (4) symmetry under which the four-component object
transforms as a fundamental. The TC condensate
is antisymmetric in the SU (4) flavor indices a, b; the matrix C is defined momentarily. We assume that Φ breaks SU (4) to its maximal vectorlike subgroup Sp(4), yielding an SU (4)/Sp(4) coset structure. The most general Sp(4) preserving condensate is [25] Φ = e iα ǫ cos θ
where θ ∈ [0, π] and α is a CP violating phase (Φ → −Φ † under CP , see (10) ). At sin θ = 0 electroweak symmetry is unbroken, while at sin θ = 1 the condensate is purely SU (2) L breaking. These limits are referred to as the electroweak (EW) and TC vacua, respectively. The Sp(4) vacuum degeneracy is lifted by the UV technifermion interactions. Previous BTC studies only included the Higgs Yukawa couplings, which selects the TC vacuum, sin θ = 1. We will explore the benefits of misalignment from the electroweak vacuum, or small to moderate sin θ. This is minimally accomplished by adding gauge singlet technifermion masses of O(v W ). (They can be linked to SUSY breaking and, therefore, to Λ TC .) The UV potential In SU (4) notation is 
where
. (6) σ h ( π h ) are the scalar (pseudoscalar) components of H, with v ≡ | H |. The fermion masses are
T with U ∈ SU (4). The gauge-kinetic term for Ψ, including the electroweak and TC interactions is
whereσ µ = (1, − σ i µ ) and
We preface our analysis of the IR with a brief discussion of discrete symmetries in the UV theory. With the weak interactions turned off, the only discrete symmetry of the gauge-kinetic Lagrangian lying outside of SU (4) is CP , under which Ψ transforms as
Due to the pseudoreality of the SU (2) TC fundamental, P and C are separately unphysical, only being defined up to arbitrary SU (4) rotations. The EW interactions in (8) are CP invariant, with A µ → A T µ under CP . For simplicity, we take real m 1,2 , λ U,D , i.e. CP invariant V UV . We have checked to O(p 4 ) in the chiral expansion [31] that this yields α = arg(v) = 0 at the minimum of the potential (if NDA is not grossly violated), which we assume below.
G LR -parity interchanges the generators of SU (2) L and SU (2) R . It is an element of the unbroken Sp(4), transforming Ψ → G LR Ψ, with
up to an overall phase. This can be seen by extending to the left-right symmetric gauge group, i.e. replacing
R µ τ a , and requiring that under G LR the top and bottom two components of Ψ are exchanged, and
THE VACUUM ALIGNMENT AND SCALARS
The SU (4)/Sp(4) coset contains five broken generators X a in the 5-plet of Sp (4), and ten unbroken ones T a in the adjoint, satisfying
and X a=1,2,3 , obtained via c θ → s θ , s θ → −c θ in T a+3 . The other generators are listed in [25] (with T 7,...,10 denoted T 1,...,4 ). The 5-plet decomposes as (2, 2)+(1, 1) under the Sp(4) subgroup SU (2) 1 ×SU (2) 2 , where SU (2) 1, 2 are identified with the generators (T a ± T a+3 )/ √ 2, a=1,2,3, and reduce to SU (2) L, R in the θ → 0 limit.
Following [32] , the Sp(4) ∼ = SO(5) 5-plet of NambuGoldstone bosons (NGB's) π appears in the exponential
where f is the TC decay constant in the chiral limit and the transformation applies to the global rotations
transform under CP like the vector currents Ψ †σ µ X a Ψ, see (10) , and similarly for G LR , yielding CP -odd (even)
Projecting onto the broken and unbroken directions defines (
which, respectively, are a 5-plet and 10-plet of Sp(4), transforming homogeneously and like a gauge field, as indicated. We further define the building blocks
transforming as
where Z 2 ≈ 1.47 at this order, according to a recent N c = n f = 2 lattice study [33] . The TC and Higgs gauge-kinetic terms yield the EW scale (v W = 246 GeV)
Minimizing
yields (m UD , m 12 > 0 and θ ∈ [π/2, π])
For simplicity, we have ignored the quartic in (18), motivated by SUSY BTC where it is a small perturbation. The effects of EW gauge boson loops, which favor a vacuum alignment θ → 0 [34, 35] , also constitute a small perturbation provided m 12 /f α EW ; this is indeed the case in numerical examples below and thus we ignore such effects in what follows.
To elucidate the structure of the vacuum and scalar mass matrices, we project (M + λ) onto the Sp(4) singlet (∝ Φ below) and vector directions, yielding
where the Sp(4) singlet fermion mass and vectors arê
c θ ≡ cos θ, δm 12 ≡ m 1 − m 2 , etc., and the O(4) components of χ θ , χ ′ θ have opposite CP [36] . The constant terms in χ θ must cancel to avoid a constant ×π 4 term in V eff , induced by operators ∝ χ θ · π . Thus, t θ = −m UD /m 12 holds to all orders. π h and π 1,2,3 are aligned, being SU (2) V triplets, however π 4 is rotated by θ relative to σ h .
The O(p 2 ) charged scalar and neutral Higgs mass matrices are
in the bases (π + h , π + ) and (σ h , π 4 ), respectively, where 2 . The mass eigenstates are
where tan 2α = cos θ tan 2β. The non-zero masses are
Thus, a dominantly fundamental Higgs with subleading composite pNGB component (π 4 is massless for m 1,2 , λ U,D → 0) acquires its mass from strong sector vacuum misalignment, as in composite pNGB Higgs models, see e.g. [37] [38] [39] .
Note that small values of s θ require tuning, cf. (19) . The largest irreducible tuning of s θ is due to λ UD , and can be quantified as |d log s θ /d log λ UD | = 2 cot 2 θ. The tuning due to f is, in principle, 50% larger. However, this is significantly reduced if f and m H are correlated, e.g. via SUSY breaking (thus accounting for their proximity, see Table II and concluding remarks).
The light Higgs h 1 V V (V = W ± , Z) and h 1f f couplings normalized to the SM ones, κ V and κ F , and their s 2 θ ≪ 1 limits are
constraints on these couplings from the LHC are at the level of 15% and 25% respectively [40] .
There are two Sp(4) covariant gauge field strengths [25] ,
is the Sp(4) covariant derivative. They transform homogeneously under Sp(4), with D µν a 5-plet and F µν a 10-plet. The effective operator 
compared to c SM γ ≃ .23. Including the modified Higgs couplings to t, W in the h 1 → γγ decay rate [41] , we obtain
Thus, the TC shift in Γ γγ is suppressed by s 2 θ , like Γ V V,ff . Significant effects enter beyond O(p 2 ), away from the chiral limit, e.g. in examples withm ∼ f . However, our conclusions are not qualitatively altered [31] : t θ = −m UD /m 12 holds to all orders, as already argued; v, sin θ and m 2 h retain the forms given in (19) and (26), up to negligible corrections from cubic and higher order Higgs couplings, with 
THE VECTOR RESONANCES
All resonances appear in representations of Sp(4). We consider the lowest lying 10-and 5-plet vectors (we do not consider the singlet here),
withR → VRV † under Sp(4) (see also Ref. [42] ). Under SU (2) 1 × SU (2) 2 , the 10 = (3, 1) + (1, 3) + (2, 2), where R at θ = π/2,R 10 and R 5 generalize the QCD ρ and a 1 triplets, respectively. However, R a 10 and R a+3 10 , a=1,2,3, are the G LR "parity doubling partners".
We use the antisymmetric tensor formalism for vectors [36, 43, 44] . It is convenient for describing vector interactions with electroweak gauge fields, and avoids field redefinitions. The kinetic terms are
where M 2 R is the mass in the chiral limit, and R denotes R 5 or R 10 . A related object,
satisfies the massive Proca equation, and
R = tr R 10,µν
where F 10,5 are the vector decay constants,
with M 10,5 the total masses. They induce R 5,10 couplings to the SM fermions, responsible for vector DrellYan (DY) production, and obtained via the following substitutions in the SM couplings,
The leading R 10 decays originate from the L
R trilinears,
where the ellipses denote couplings of R 7,..., 10 10 . In the vector meson dominance (VMD) approximation, G 10 = −2 √ 2f 2 /F 10 (the VMD ρππ coupling, g ρππ = −m ρ /f ρ , is 16% below experiment; φKK is within a few %). Projecting (39) onto the G a gives couplings to longitudinal
→ππ, (h 2π ) are closed, and R 1,2,3(4,5,6) 10
The UV contribution to the S parameter can be parametrized in terms of the effective Lagrangian coupling, −g 1 g 2 S UV /(32π) W 
The s 2 θ suppression is a feature of misalignment [37-39, 45, 46] 10 parity doubling cancelation ∝ 1 − c 2 θ ; and s θ suppression of the R 3 5 couplings. The scalar loops in S are log divergent, due to a c θ factor in the π 4 gauge boson couplings. After subtracting the SM Higgs,
where F fin contains finite loop contributions [31] . The first term receives a s 2 α suppression that is not present in the composite Higgs case, due to projection of π 4 onto h. For cut-off Λ ≤ 8πf , we find ∆S loop < 0.01 in our examples. A more refined dispersion integral approach containing higher order R 5,10 contributions [47] would eliminate the divergence, with S remaining a small effect.
The T parameter arises from: (i) scalar loops with isospin breaking entering viaπ 3 − η ′ , π 5 mixings, and π loops. The loops in (i) vanish in the δλ UD → 0 limit, and in (ii) they are c 2 β suppressed (due to projection onto G + ) compared to the composite Higgs and TC analogs [47] [48] [49] . Thus, S and T reasonably lie within the allowed 1σ ellipse [50, 51] .
Fermion mass corrections to M 10,5 arise from terms ∝ tr(R 2 10,5 χ + ) at O(p 2 ), and larger χ + multiplicities at higher orders. In the limit δm 12 , δm UD → 0 they respect Sp(4), and are θ-independent polynomials inm, as seen from (20) . This is true of all corrections to the chiral limit. Thus, the θ = π/2 lattice measurements [33] (also see [52] ) of f π (full decay constant), m 2 π , and M 10,5 hold for arbitrary θ. F 10 can be estimated by scaling a fit to the quark mass dependence of QCD vector decay constants, normalized to the observed pion decay constant. Using f ρ,ω,φ , and the lattice heavyonium decay constant between m J/Ψ and m Υ [53, 54] , yields a function F such that [20, 31] . The contribution of R 5 in (40) is bounded via the approximate upper and lower bounds, M 5 < M 10 m a1 /m ρ (M 5 /M 10 decreases beyond the chiral limit, approximated by the QCD ratio) and
(F 5 increases away from the chiral limit, obtained by scaling from QCD). We take f a1 = 152 MeV [55] for the poorly known decay constant, using an updated Br(τ + → ν τ π + π + π − ). The above procedure yields ∆S tree /s [50] , 0.00 ± 0.08 [51] is reasonable. The significant decrease in the R 10 contribution away from the the chiral limit reflects the greater vector mass vs. decay constant quark mass dependence observed in QCD.
EXAMPLES
The vector masses can span a wide range, due to the freedom to vary sin θ and the TC fermion masses. This is illustrated in the representative examples of Table II, , with Z 2 = 1.47 [33] , imposing the m h1 = 125 GeV, v W = 246 GeV, and neglecting the Higgs quartic for simplicity. The tuning of s θ = .6, .4, .3 (due to λ UD ) is approximately 30%, 10%, 5%, respectively. Note that m H is essentially fixed by sin θ; both m H and f (or Λ TC ∼ 4πf ) increase as sin θ decreases; while for given sin θ, f increases as m 12 andm decrease. In all of the examples, the deviations in κ V and κ F from 1 (SM) are < 1%, and the deviations in the Higgs diphoton decay width from its SM value is < ∼ 1% for |λ χ | ≤ 2, cf. Our ultimate goal is natural EW symmetry breaking. One direction that we are exploring is the Rsymmetric generalization of minimal BTC (RBTC), with Dirac gauginos Supersymmetric QCD with N = n f = 2 and one adjoint matter superfield (the required field content for RBTC) is known to have a strong IR fixed point, with unbroken chiral symmetry [56, 57] (a two-loop estimate yields a fixed point coupling α * ≈ 1.8). Thus, a direct link between the scale of TC superpartner masses and Λ TC can be realized if the Dirac TC-gaugino, formed in combination with the adjoint matter fermions, decouples in the superconformal region [15, 16] .
2 Integrating out the spin-0 TC-adjoint yields 4-technifermion operators, which replace the singlet masses m 1,2 in affecting vacuum alignment. The possibility of enhanced Λ TC and Higgs mass parameter m H is well suited for naturalness in RBTC. A TC-gaugino mass mg TC > Λ TC > ∼ 3 TeV matches well with Dirac gluino and wino masses lying significantly above the current LHC gluino bounds, e.g. mg QCD > ∼ 3 TeV. An enhanced m H , of order f , comparable to the slepton masses, O(1/4π) down from the gaugino masses, and without log-divergent UV sensitivity, is obtained from supersoft wino and gluino loops [59, 60] . Although the µ parameter is absent, the Higgsinos obtain masses by mixing with bound states of the technifermions and techniscalar superpartners, i.e. via partial compositeness.
Further study of potential UV completions, as well as detailed collider phenomenology will be presented elsewhere. Table II : Examples of vacuum alignment, scalar spectrum, and R10 properties, see text (all masses are in GeV).
